ABSTRACT: FosA is a manganese-dependent enzyme that utilizes a Mn 2+ ion to catalyze the inactivation of the fosfomycin antibiotic by glutathione (GSH) addition. We report a theoretical study on the catalytic mechanism and the factors governing the regioselectivity and chemoselectivity of FosA. Density functional theory (DFT) calculations on the uncatalyzed reaction give high barriers and almost no regioselectivity even when adding two water molecules to assist the proton transfer. According to quantum mechanics/molecular mechanics (QM/MM) calculations on the full solvated protein, the enzyme-catalyzed glutathione addition reaction involves two major chemical steps that both proceed in the sextet state: proton transfer from the GSH thiol group to the Tyr39 anion and nucleophilic attack by the GSH thiolate leading to epoxide ring-opening. The second step is rate-limiting and is facilitated by the presence of the high-spin Mn 2+ ion that functions as a Lewis acid and stabilizes the leaving oxyanion through direct coordination. The barrier for C1 attack is computed to be 8.9 kcal/mol lower than that for C2 attack, in agreement with the experimentally observed regioselectivity of the enzyme. Further QM/MM calculations on the alternative water attack predict a concerted mechanism for this reaction, where the deprotonation of water, nucleophilic attack, and epoxide ring-opening take place via the same transition state. The calculated barrier is 8.3 kcal/mol higher than that for GSH attack, in line with the observed chemoselectivity of the enzyme, which manages to catalyze the addition of GSH in the presence of water molecules around its active site. The catalytic efficiency, regioselectivity, and chemoselectivity of FosA are rationalized in terms of the influence of the active-site protein environment and the different stabilization of the distorted substrates in the relevant transition states.
INTRODUCTION
The natural product fosfomycin [(1R,2S)-epoxypropylphosphonic acid, Scheme 1], which is synthesized by strains of bacteria Streptomyces, possesses antibacterial activity toward both Gram-positive and Gram-negative microorganisms.
1,2 It irreversibly inhibits MurA (UDP-N-acetylglucosamine-3-enolpyruvyltransferase), an important enzyme in bacterial cell wall biosynthesis (Scheme 1). 3 This inhibition is achieved through alkylation of an active-site cysteine residue, which performs a nucleophilic attack on the C2 atom of fosfomycin. 3−5 Fosfomycin resistance proteins perform enzymatic modification and inactivation of the antibiotic to lower the clinical efficacy and therefore serve as potential targets for inhibitor design. 6−8 Three classes of such proteins have been identified on the basis of sequence identity and type of catalyzed reaction. FosA is a Mn 2+ -dependent enzyme that catalyzes the ringopening of the epoxide moiety of fosfomycin by regiospecific addition of the tripeptide glutathione (GSH) to C1 of the substrate (Scheme 1). 9−13 FosB utilizes a Mg 2+ ion to promote the addition of L-cysteine to the epoxide ring of fosfomycin. 14 
FosX has a Mn
2+ ion in the active site and is involved in the hydration of fosfomycin furnishing a diol product. 15−17 Amino acid sequence comparisons have demonstrated that these three enzymes are members of the vicinal oxygen chelate (VOC) superfamily of metalloenzymes. 18 The structural hallmark of this superfamily is a paired βαβββ motif that offers coordination sites to the metal, which in turn help substrate binding through direct coordination. 18 The X-ray structures of FosA from Pseudomonas aeruginosa 13, 19 and transposon Tn2921 20 have been solved. They show a dimeric architecture with a mononuclear manganese center in each active site. In the structure of FosA in complex with fosfomycin, Mn 2+ is ligated to His7 of chain A, His64 and Glu110 of chain B, oxirane oxygen, and one phosphonate oxygen of the substrate. 13 The metal is pentacoordinated in a trigonal-bipyramidal fashion, with the glutamate oxygen and the oxirane oxygen in the axial positions. EPR studies of FosA showed that the Mn 2+ ion (3d
5
) is in the high-spin sextet state. 21, 22 Interestingly, a K + ion was found in a loop close to the active site, consistent with the important role of K + for enzyme activity.
11 Lys90, Ser94, Tyr100, and Arg119 donate hydrogen bonds to the phosphonate oxygen atoms and thus help substrate binding. Mutations of these residues lead to loss of activity. 23 On the basis of docking studies, it was proposed that the thiol group of GSH is hydrogen-bonded to Tyr39, and the terminal glutamic acid forms hydrogen bonds to Lys90 and Arg93. 24 Mutagenesis studies gave a 13-fold reduction of activity for Y39F and suggested that Tyr39 functions as a general base to abstract a proton from GSH during the reaction. 24 In order to do so, Tyr39 should be deprotonated, with the anion being stabilized by hydrogen bonding to the nearby Arg119 residue. The use of tyrosine/tyrosinate as acid/ base has also been proposed for many other enzymes, for example, epoxide hydrolase, 25−28 haloalcohol dehalogenase, 29, 30 nitrile hydratase, 31 alanine racemase, 32 dehydroquinase, 33 and glycoside hydrolase BglT. 34 During the nucleophilic attack, the Mn 2+ ion provides electrostatic stabilization to the oxyanion and assists the ring-opening. One of the important puzzles of this enzymatic reaction is the observed regioselectivity: GSH exclusively attacks C1 in FosA, 10 while the uncatalyzed reaction is essentially unselective (yield of 40% on C1 and 60% on C2). 11 Another interesting aspect is that FosA does not employ a water molecule to perform the nucleophilic attack, as in the case of FosX, 15−17 even though the enzyme has a wateraccessible open pocket, implying that FosA is chemoselective.
The understanding of selectivity in enzymatic epoxide transformations is expected to help in the design of new epoxide hydrolases with modified selectivity. Quantum mechanics (QM) and quantum mechanics/molecular mechanics (QM/MM) calculations have been used to elucidate the mechanism and to explain the regioselectivity of a number of epoxidases. 35−41 In the present paper, we report density functional theory (DFT) and QM/MM studies on the reaction mechanism of FosA, with particular focus on the origin of regioselectivity and chemoselectivity. The uncatalyzed reaction with methanethiol as a model compound for GSH assisted by two water molecules was studied by DFT and double-hybrid DFT methods, in order to provide a reference for assessing the rate enhancement of the enzyme. In addition, QM/MM calculations were carried out for the whole solvated enzyme with both GSH and water as substrates.
METHODS
2.1. QM Calculations of the Uncatalyzed Reaction. The QM calculations for the uncatalyzed reaction were done using the Gaussian09 42 program and the B3LYP 43 functional. For geometry optimizations, the def2-SVP 44 basis set was employed for all elements. Based on the optimized geometries, singlepoint calculations were carried out using the larger def2-TZVPP 44 basis set for all atoms. The stationary points were confirmed as minima (zero imaginary frequencies) or transition states (TS, only one imaginary frequency) by analytic frequency calculations at the same level of theory as applied in the geometry optimizations. The reaction pathways were subjected to intrinsic reaction coordinate (IRC) 45, 46 analysis in order to trace their paths and to confirm that the optimized TS structures connect two relevant minima. Solvation effects were examined by performing single-point calculations at the optimized structures using the SMD 47 continuum solvation model for water.
To check the sensitivity of the results to the choice of functional, further single-point calculations were done using the M06 48 and ωB97X 49 functionals, as well as the double-hybrid B2PLYP 50 functional. The reported B3LYP energies are Gibbs free energies including zero-point vibrational corrections, thermal corrections at 298 K, and solvation free energy corrections. For the M06, ωB97X, and B2PLYP free energies, these corrections were taken from the B3LYP calculations. 2.2. Setup of the Model System. The initial geometry was built from the X-ray structure of FosA from P. aeruginosa complexed with fosfomycin (PDB code: 1LQP, resolution 1.19 Å). 13 The dimeric form was used, and an active region for the setup was selected containing residues within 30 Å of the Mn atom of chain A. The protonation states of the titratable residues (His, Asp, and Glu) were determined on the basis of their pK a values obtained via the PROPKA 51 program (see Supporting Information for details) and verified by visual inspection of the hydrogen-bonding environment of the residues assuming pH = 8 (the working pH of FosA). 11 The anionic form was chosen for Tyr39 of chain A, which has been proposed to function as the catalytic base for GSH deprotonation. 24 A GSH molecule was docked into the active site of chain A using Autodock Vina, 52 in the conformation proposed for the binding mode of GSH on the basis of docking and mutational studies by Armstrong and co-workers. 24 The total charge of the model system was zero.
The dimeric enzyme was solvated in a water droplet of 40 Å radius centered at the Mn atom of chain A. Following energy minimization, the solvated system was subjected to a 1 ns molecular dynamics (MD) simulation at 300 K using the CHARMM 53 force field as implemented in the CHARMM program. 54 During the simulation, we fixed residues more than 30 Å away from the Mn atom of chain A, as well as the metal ions and the non-hydrogen atoms of the ligands His7, His64, Glu110 and the fosfomycin substrate. The equilibrated system ( Figure 1 ) is composed of 30 674 atoms, including 8817 TIP3 water molecules.
To investigate the alternative water attack on fosfomycin in FosA, the GSH substrate was removed, and the system was solvated using the same procedure as before and neutralized by adding one chloride ion. This was followed by 1 ns equilibration with exactly the same constraints applied as described above. and DL-POLY. 58 An electronic embedding scheme was applied to incorporate the polarization effect of the MM part on the QM region. Hydrogen link atoms and the charge shift model were employed to treat the QM/MM boundary. No electrostatic cutoff was adopted for the QM/MM interactions. The CHARMM force field was used for the MM region. The active region for QM/MM geometry optimization included the QM atoms, all residues, and all water molecules in the MM region within 13 Å of C1 of fosfomycin (see Supporting Information for details).
Two different QM regions (87 atoms for M1a and 170 atoms for M2a, total charge of 0) were selected to study the GSH attack in the QM/MM calculations. QM region M1a consisted of the Mn 2+ ion along with the side chains of its ligands His7, His64, and Glu110. Furthermore, four important second-shell residues, Thr9, Tyr39, Lys90, and Arg119, were included, as well as all atoms of fosfomycin and the functional ethanethiol part of the GSH substrate. The larger QM region M2a was chosen to cover all important interactions around the two substrates. In addition to the atoms selected in M1a, it contained the full GSH substrate, the residues Arg93, Ser94, and Tyr100, which are hydrogen-bonding partners of the two substrates, and nine water molecules around the active site. For studying the water attack, all atoms in M1a were included except ethanethiol, which was replaced by a water molecule in QM region M1b (81 atoms, total charge of 0). For the larger QM region M2b (170 atoms, total charge of +1), all QM atoms except GSH from M2a were included and 12 water molecules in the active-site cavity were added.
For QM/MM geometry optimizations, the QM part was treated with the B3LYP functional using the def2-SVP basis set for all elements. More accurate energies were evaluated by single-point calculations with the larger def2-TZVPP basis set. Empirical dispersion corrections (DFT-D2) 59 were also included. TS optimizations were performed with the partitioned rational function optimizer (P-RFO) using the Powell update for an explicit Hessian. 60 Numerical frequency calculations were carried out for selected core atoms to characterize the nature of the optimized TS (only one imaginary frequency).
RESULTS AND DISCUSSION
3.1. Uncatalyzed Reaction. To assess the rate enhancement achieved by FosA, we first investigated the uncatalyzed reaction with the assistance of two water molecules involved in proton transfer. Methanethiol was used to mimic the GSH substrate for the sake of efficiency and also to avoid conformational problems. Thus the model system for the uncatalyzed reaction consisted of a monoanionic fosfomycin substrate, methanethiol, and two water molecules. Monoanionic fosfomycin was chosen because it may function as base to deprotonate the thiol and as acid to protonate the leaving group. The measured pK a2 of fosfomycin lies in the range of 6− 7, 61, 62 suggesting that a monoprotonated form can be easily formed under experimental conditions (pH = 8). 11 The model system has 26 atoms and a total charge of −1. The optimized reactant complex, transition states, and product complexes for the attack on both C1 and C2 are displayed in Figure 2 , and the calculated free energy barriers and reaction free energies at various levels are given in Table 1 .
The opening of the epoxide takes place in a single concerted step through an S N 2 mechanism, without any intermediate, as confirmed by IRC calculations ( Figure S1 , see the Supporting Information). The calculated free energy barriers for the attack on C1 and C2 are 29.7 and 29.9 kcal/mol, respectively, at the B3LYP level. The M06 and B2PLYP methods give very similar barriers, while the ωB97X functional yields somewhat higher barriers (see Table 1 ). The reaction is exothermic by more than 20 kcal/mol for the attack at each position, implying that it is irreversible and that regioselectivity can only arise from kinetic control. The product ratio of C1 adduct and C2 adduct has been measured to be 40% vs 60% in favor of C2 attack.
11
B3LYP, M06, and B2PLYP predict the attack on C1 to be slightly more facile, while ωB97X slightly favors the attack on C2 (with a product ratio of 1:1.6 which is fortuitously close to the experimental ratio of 1:1.5). However, given the small differences between the computed barriers (0.2−0.8 kcal/mol, see Table 1 ) and considering the error bars of the DFT methods used, the main qualitative prediction is that the uncatalyzed reaction is not regioselective, which is compatible with the experimental findings.
During the reaction, the phosphonate plays a dual role as a general base to deprotonate methanethiol and as a general acid to protonate the leaving oxyanion. The geometries of the two transition states (TS C1 and TS C2 , Figure 2 ) suggest an asynchronous proton transfer featuring a well-developed thiolate prior to the relatively late protonation of the oxirane oxygen. An early deprotonation of methanethiol is consistent with the fact that it has relatively low pK a value (10.4) compared with water or alcohols (∼15).
The bimolecular rate constant for the addition of GSH to fosfomycin has been measured to be 1.4 × 10
11 which can be converted to a barrier of around 28 kcal/mol using classical transition state theory. The barriers calculated with the B3LYP, M06, and B2PLYP functionals agree well with the experimental result (within 2 kcal/mol), while ωB97X overestimates this value (by 7 kcal/mol).
3.2. Enzymatic GSH Addition. In this section, we present our QM/MM results for GSH addition using two different QM regions (87 atoms for M1a and 170 atoms for M2a, total charge of 0). Mn 2+ has a 3d 5 configuration, and all three possible spin states were considered, namely doublet, quartet, and sextet.
3.2.1. QM Region M1a. Five snapshots (labeled as Sn1− Sn5) were selected from MD simulations, corresponding to structures taken after 600, 700, 800, 900, and 1000 ps, respectively. The optimized reactant complex ( 6 React) for Sn1 is shown in Figure 3 , and the ordering and relative energies of the lowest-lying spin states (sextet, quartet, and doublet) for all five snapshots are displayed in Figure 4 . In all cases, the sextet spin state is the ground state, which is in agreement with EPR studies. 21, 22 A high-spin sextet has also been found to be the ground state for other Mn 2+ complexes on the basis of quantum chemical calculations. 63−66 The quartet and doublet spin states lie more than 30 kcal/mol higher, and they are thus energetically not accessible under mild conditions. Since all five snapshots predict the same spin state ordering and very similar energy gaps, we decided to consider only the sextet spin state and to use Sn1 for further study, which is believed to represent the real system quite well.
The overall geometric parameters of 6 React obtained from QM/MM geometry optimization reproduce the X-ray structure reasonably well. The Mn 2+ ion is pentacoordinated with a trigonal-bipyramidal arrangement of the ligands. The two axial (Table 2) , respectively, which are in excellent agreement with the crystallographic values (2.06 and 2.34 Å, respectively). In addition, the hydrogen bond between Thr9 and the fosfomycin oxirane oxygen is well reproduced. There are larger deviations, however, between the calculated distances of the two equatorial Mn−N His7 and Mn−N His64 bonds (2.30 and 2.22 Å, respectively) and those observed in the more compact crystal structure (2.11 and 2.14 Å, respectively). The strategically located Tyr39 residue is hydrogen-bonded to Arg119 and the thiol group of GSH, with hydrogen bond distances of 1.70 and 1.86 Å, respectively. These interactions help stabilize the tyrosinate and orient the thiol group of GSH such that it is ready for deprotonation, which is required for the nucleophilic attack. The GSH orientation in the active site appears to favor attack on C1, as the S−C1 distance is approximately 0.3 Å shorter than the S−C2 distance, suggesting a preference for regioselective attack on C1. The analysis of MD trajectories (Supporting Information, Figure S2 ) confirms that the GSH sulfur atom tends to be closer to C1 (average distance of 3.45 Å) than to C2 (average distance of 3.84 Å).
Starting from 6 React, a linear transit (see Supporting Information) was performed for the deprotonation of GSH with Tyr39 as proton acceptor, and the highest point was used as a starting structure for transition state optimization. The transition state ( 6 TS1) and the leading intermediate ( 6 Int1) are displayed in Figure 5 . The barrier is calculated to be 6.0 kcal/ mol at the QM(B3LYP-D2/def2-TZVPP)/MM level ( Figure  6 ), and 6 Int1 lies at +6.8 kcal/mol, which is 0.8 kcal/mol above 6 TS1, suggesting a barrierless proton transfer back to thiolate. This is of course an artifact of the technical procedure employed, as the geometries were optimized with the smaller def2-SVP basis set while the final single-point energies were calculated with the larger def2-TZVPP basis set. The critical O1−H1 and S−H1 distances are 1.19 and 1.69 Å in 6 TS1, and they become 1.09 and 1.85 Å in 6 Int1, respectively. In the following step, the nucleophilic attack can be directed to either the C1 or C2 position. The optimized transition states ( 6 TS2 C1 and 6 TS2 C2 ) and the resulting products ( 6 Prod C1 and 6 Prod C2 ) are shown in Figure 5 . It should be noted that the epoxide ring-opening by an acid catalyst, like Mn 2+ in the present case, may involve carbocation formation and an S N 1 reaction mechanism. We find, however, that C−O bond cleavage proceeds concomitant with C−S bond formation through a one-step S N 2-like reaction mechanism. The barrier for the nucleophilic attack at C1 is calculated to be 11.2 kcal/ mol relative to 6 React, and the overall reaction is exergonic by as much as 19.0 kcal/mol. In 6 TS2 C1 , the distance between the C1 and S atoms is 2.71 Å, and the oxirane ring is partially opened with a C1−O2 distance of 1.78 Å. Due to the development of negative charge on O2, the distance between O2 and Mn 2+ is shortened from 2.35 Å in 6 Int1 to 2.18 Å in Prod C1 . For the attack at C2, the barrier is calculated to be 18.1 kcal/mol, which is 6.9 kcal/mol higher than the barrier calculated for attack at C1. In addition, 6 Prod C2 lies only 5.0 kcal/mol below 6 React and more than 10 kcal/mol above 6 Prod C1 . The computed energies clearly indicate that attack is preferred at C1, which is in agreement with the experimental results. 9−13 In 6 TS2 C2 , the C2−S and C2−O2 distances are 2.76 and 1.85 Å, respectively, both slightly longer than in 6 TS2 C1 , indicating a slightly more dissociative character of the transition state for attack at C2.
QM Region
M2a. The larger QM region M2a was defined with the objective to better describe the electronic environment of the two substrates. Arg93, Ser94, and Tyr100, being hydrogen bonding partners of fosfomycin and GSH, were added to QM region M1a, as well as nine water molecules near the substrates. In addition, the whole GSH molecule was included in the model. QM region M2a is thus composed of 170 QM atoms (Figure 7) , and the total charge is 0 (same as in M1a). All stationary points were reoptimized. The resulting structures are shown in the Supporting Information ( Figures   S6−S9) , and the relative energies are given in Figure 6 . For the reactant complex, the sextet is the ground state, and the quartet and doublet states are 32.7 and 47.3 kcal/mol higher, respectively, in close analogy to the results for M1a ( Figure  4 ). The extension of the QM region leads to considerable stabilization of 6 Int1, which is now almost isoenergetic to the reactant complex. Consequently, the barrier for the initial proton transfer drops to only 3.2 kcal/mol. The transition state for the following nucleophilic attack at C1 lies 9.1 kcal/mol above 6 React (slightly lower than in the case of M1a, 11.2 kcal/ mol). The attack at C2 is even more disfavored than before, since the overall barrier is 8.9 kcal/mol higher than that for attack at C1 (compared with a difference of 6.9 kcal/mol for M1a).
As can be inferred from Figure 6 , alkylation takes place exclusively at position C1 and the second step is rate-limiting, with a barrier of 9.2 kcal/mol relative to 6 Int1 (QM region M2a). Experimental rate constants have been reported in the range of 65−1070 s −1 . 10, 11, 23, 24 This can be converted to barriers in the range of 13−15 kcal/mol using classical transition state theory. Our calculated barrier with QM region M2a is thus somewhat underestimated, but the large difference in the barriers for C1 and C2 attack is in line with the experimental observation that the GSH attack occurs solely at the C1 position. By comparing with the uncatalyzed reaction, we find a decrease in the computed barrier of about 20 kcal/ mol, corresponding to a rate enhancement of the order of 10 14 . The enzyme catalyzes the reaction by providing a general base (Tyr39) and a Lewis acid (Mn 2+ ion). The use of a base for nucleophile deprotonation and of an acid for leaving-group Figure 6 . Calculated QM/MM potential energy profiles for GSH attack in the sextet state using QM region M1a (left) and M2a (right). In addition, two positively charged residues (Lys90 and Arg119) help shield the negative charge of the phosphonate moiety, thereby reducing its electrostatic repulsion with the nucleophile during the attack. The presence of the anionic phosphonate group has been suggested to account for the resistance of fosfomycin to nucleophilic attack. 10 To unveil the source of regioselectivity, we conducted a distortion/interaction analysis, which has been shown to be a powerful tool for explaining reactivity trends. 67−71 In this analysis, the QM region is decomposed into two parts, the nucleophile (labeled as Nuc, GSH anion) and the electrophile (labeled as Elc, fosfomycin with all other residues except the GSH anion). Gas-phase single-point calculations at the B3LYP/ def2-TZVPP level were performed for each part in 6 Int1, 6 TS C1 , and 6 TS C2 . The total activation energy for the QM region (ΔE ‡ ) is decomposed into the sum of the distortion energies of each moiety (ΔE ‡ dist ) and the interaction energy (ΔE ‡ int ) between the two distorted moieties. Table 3 lists these energies for the transition states. In the case of the GSH attack, the distortion energy at C2 (27.1 kcal/mol) is significantly higher than that at C1 (20.0 kcal/mol), while the interaction energy is of similar magnitude. The larger distortion can be also recognized from the geometric changes. When passing from 6 Int1 to 6 TS C1 , the epoxide angle (C1C2O2) increases by 18.8°, from 60.7°to 79.5°, while the corresponding angle for C2 attack rises by 24.8°, from 59.2°to 84.0°. The increase of this angle has been shown to correlate with the regioselectivity and reactivity in QM/MM studies of inhibition of cysteine protease by epoxide. 72, 73 The regioselectivity for GSH attack is thus mainly distortion-controlled. The preference for C1 over C2 attack is further enhanced, from 4.8 to 8.9 kcal/mol, by including the MM environment, as can be seen from the differences in the barriers computed at the QM and QM/MM levels ( Table 3 ). The enzyme thus arranges its active-site residues to favor the distorted fosfomycin moiety in the transition state for attack at C1.
3.3. Enzymatic Water Addition. As mentioned in the Introduction, the crystal structure of FosA in complex with fosfomycin has a water-accessible open pocket. 13 However, water addition is not catalyzed by FosA, but by another enzyme (FosX). 15−17 Theoretical calculations gave very similar barriers for alcohol and thiol attack on amide, 74 and for thiolysis and alcoholysis of phosphate monoester, 75 so that one might expect similar reactivity for GSH and water attack on fosfomycin. Here we consider the pathway for water attack in order to understand the chemoselectivity of the FosA enzyme. We report QM/MM results obtained with two QM regions (M1b and M2b) consisting of 87 and 170 atoms, respectively, with a total charge of 0 and +1, respectively.
3.3.1. QM Region M1b. All three spin states, doublet, quartet, and sextet, were calculated for the reactant complex. The sextet is the ground state, and its structure ( 6 React) is shown in Figure 8 . The quartet and doublet lie much higher than the sextet, by 33.8 and 48.9 kcal/mol, respectively. This energy ordering is very similar to the one found in the GSH case, indicating a rather small influence of GSH binding on the relative energies of the different spin states, which is plausible since GSH does not coordinate directly to the metal and the metal keeps its coordination mode before/after GSH binding. In React, a water molecule forms a hydrogen bond to the Tyr39 phenolate oxygen, with a distance of 1.76 Å. The distances between the water oxygen and the two carbon atoms (C1 and C2) are almost equal (3.12 and 3.15 Å, respectively). This is different from the GSH case, where 6 React is more asymmetric (with the S−C1 distance about 0.3 Å shorter than S−C2). The trace of geometric changes in the MD simulation ( Figure S10 ) confirms that this water molecule remains hydrogen-bonded to Tyr39 (except for a very short time), and the water oxygen tends to be slightly closer to C1 than to C2, by 0.24 Å on average (less so than in the case of GSH with a preference of 0.39 Å).
As discussed above, GSH addition proceeds via a stepwise mechanism in FosA, with the nucleophilic attack taking place after thiol deprotonation. Since water has a much higher pK a value than methanethiol (15.7 vs 10.4), the formation of a hydroxide intermediate seems to be rather unlikely. We could indeed only locate concerted transition states for the water attack, with proton transfer, nucleophilic attack, and ringopening occurring in a single step. The optimized transition states ( 6 TS C1 and 6 TS C2 ) and the resulting product complexes ( 6 Prod C1 and 6 Prod C2 ) are displayed in Figure 9 . The barriers for water attack on C1 and C2 are calculated to be 20.3 and 17.1 kcal/mol, respectively (Figure 10) , with a preference for C2 by 3.2 kcal/mol. Correspondingly, 6 Prod C2 is 3.6 kcal/mol lower than 6 Prod C1 . At 6 TS C1 , the nascent C1−O4 bond and the scissile C1−O2 bond are of equal length (1.99 Å), while the attack on C2 ( 6 TS C2 ) features a slightly earlier transition state, with C2−O4 and C2−O2 distances of 2.09 and 1.98 Å, respectively.
3.3.2. QM Region M2b. In analogy to our study of GSH attack, a larger QM region M2b was also used to check the effect of different QM regions on the results for water attack. QM region M2b differs from M2a in that 12 water molecules replace GSH. Therefore, the total number of atoms is the same (170), but the total charge is +1 rather than 0 (as GSH has a charge of −1). The potential energy profile is displayed in Figure 10 , and all optimized structures are shown in the Supporting Information (Figures S11−S13) . The calculated barriers and reaction energies are very close to those using QM region M1b, with a maximum deviation of 1.3 kcal/mol. The attack on C2 is now preferred by 4.1 kcal/mol.
As can be seen from Figures 6 and 10 , the lowest barrier for GSH attack is 9.2 kcal/mol ( 6 TS2 C1 relative to 6 Int1, QM region M2a) while the lowest barrier for water attack is 17.5 kcal/mol ( 6 TS C2 relative to 6 React, QM region M2b). The distortion/interaction analysis (Table 3) indicates that the distortion energy is larger and the interaction energy is smaller for water attack than for GSH attack; thus, both contribute to the higher barrier. The regioselectivity is again governed by the distortion energy, which is significantly higher for water attack at C1 compared with C2 (35.4 vs 27.5 kcal/mol).
The calculated barrier for water attack seems to be underestimated, as a barrier of 17.5 kcal/mol can be converted to rate constant of about 1 s , which would indicate that water attack could take place when only fosfomycin is bound into the active site (not observed experimentally). We note in this context that the present calculations do not include entropic effects, which may be expected to raise the barrier for water attack (by several kcal/mol) because of the incorporation of an "initially free" water molecule in the well-ordered transition state. Moreover, the B3LYP functional will probably underestimate the barrier for water attack, in analogy to the GSH case where the B3LYP/MM barrier is too low by 4−6 kcal/mol compared with experimental kinetic data. Gas-phase singlepoint test calculations using the M06 functional indeed give a barrier for water attack at C2 that is 3.1 kcal/mol higher than the B3LYP value.
CONCLUSION
We report the first theoretical examination of the catalytic mechanism of fosfomycin resistance protein FosA, with particular focus on the regioselectivity and chemoselectivity. Reaction pathways have been explored for the uncatalyzed reaction and for the enzyme-catalyzed GSH and water additions at the C1 and C2 positions of fosfomycin. The calculations reproduce the experimentally observed regiospecificity, with GSH exclusively attacking C1 of fosfomycin. The competing water attack pathway is found to have a significantly higher barrier, in line with the observed chemoselectivity of this enzyme.
The uncatalyzed reaction was investigated using methanethiol as a model substrate for GSH with the assistance of two water molecules. The calculated barriers for attack at C1 and C2 are very close to each other, being around 29 kcal/mol at the B3LYP level, in good agreement with experimental kinetic results. For each attack mode, the reaction takes place via a single concerted transition state, and the phosphonate group of fosfomycin functions as a base to abstract a proton from the thiol group and as an acid to deliver a proton to the leaving oxyanion.
For the enzyme-catalyzed GSH attack, we find a sequential two-step mechanism in QM/MM calculations on the full solvated enzyme, with initial proton transfer from GSH to Tyr39, followed by nucleophilic attack concomitant with epoxide ring-opening. The second step is calculated to be rate-limiting, with barriers of 9.2 kcal/mol for C1 attack and 18.1 kcal/mol for C2 attack. The preference for C1 attack is fully consistent with the experiments, which yield only C1 product. The enzyme catalyzes the reaction by using Tyr39 as a base to deprotonate GSH to generate the nucleophile and by utilizing the Mn 2+ ion to provide electrostatic stabilization for the leaving oxyanion through direct coordination. The Mn 2+ ion is in the high-spin sextet state, in agreement with experimental EPR studies. A number of active-site residues are found to be important for catalysis. Thr9 helps stabilize the leaving oxyanion by hydrogen-bonding interactions. Lys90, Ser94, Tyr100, and Arg119 form hydrogen bonds to the phosphonate group of fosfomycin, which facilitate substrate binding and also shield the negative charge to alleviate electrostatic repulsion between the phosphonate and thiolate in the crucial transition state. A distortion/interaction analysis shows that the regioselectivity is mainly controlled by the different geometric distortion of fosfomycin in the competing transition states (imposed and partially stabilized by the activesite residues).
When a water molecule is used as a nucleophile, the reaction takes place in one single concerted step but has a significantly higher barrier than in the GSH case. The attack at C2 is preferred. The distortion of the transition state for water attack is associated with a larger energetic penalty than that for GSH attack, which accounts for the different ease of these two reactions.
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